The aim of this study was to determine the effects of 3 antibiotics used for pulmonary pathologies added in the feed of weaned pigs on growth performance, commensal microbiota, and immune response. At weaning, a total of 72 pigs were randomly assigned by BW and litter to 1 of the following diets: control (typical weaning diet), control + 400 mg of tilmicosin/ kg, control + 600 mg of amoxicillin/kg, and control + 300 mg of doxycycline/kg. Individually penned pigs were slaughtered after 3 wk (12 pigs/treatment) or 4 wk (6 pigs/treatment). During the fourth week, all pigs received the control diet to test the residual effect of the antimicrobial supplementation. The antibiotic supplementation increased growth and feed intake during the first week (P < 0.01) and over the first 3 wk combined (P < 0.05). Gain-to-feed ratio tended to improve during the first week (P = 0.076) by the antibiotics compared with the control. Among the antibiotic treatments, no difference was observed in ADG and feed intake, which were also unchanged by the diet in the fourth week. The fecal enterobacteria counts were increased by amoxicillin on d 14 and 21 (P < 0.05 and 0.01, respectively) and were decreased by tilmicosin (P < 0.001) compared with the control. Amoxicillin decreased lactic acid bacteria (P < 0.01) counts compared with the control. The antibiotic supplementation tended to decrease total bacteria variability in the jejunum (Shannon index, P = 0.091) compared with the control. The antibiotic treatment decreased the mean total serum IgM concentration (P = 0.016) after 3 wk and did not change the mucosal histomorphometry of the small intestine. For tilmicosin, the observed positive action on piglet performance and feed intake can originate by the decreased costs of immune activation determined by the action on intestinal microbiota. For amoxicillin and doxycycline, the observation on intestinal and fecal microbiota seems to be not sufficient to explain their growth-promoting effect.
INTRODUCTION
The mechanisms of action of antibiotics on the intestine have been reconsidered during the last decade (Niewold, 2007) . A rotation of different antibiotics in the diet of newly weaned pigs decreased the variability in the ileal microbial flora and decreased the quantity of lactobacilli and total bacteria (Collier et al., 2003) . However, the relative quantity of lactobacilli on total bacteria mass increased after 2 wk of adding tylosin, with a shift in the dominant lactobacilli species. Thus, the effect of antibiotics on intestinal commensal microbiota can differ with the category of the antibiotics.
During the immediate postweaning period, antibiotics are frequently used in feed for the therapy of bacterial respiratory infections. Their antibacterial mode of action depends on the class of the antibiotic. We hypothesize that these antibiotics can differently affect the composition of the commensal intestinal microbiota and can eventually have a growth-promoting effect in healthy weaned pigs. Thus, to determine the possible mechanism of action, we compared the effects of 3 antibiotics, which are used in feed of weaned pigs for the therapy of pulmonary infections, on growth per-formance, some indices of commensal microbiota, and intestinal health.
MATERIALS AND METHODS
The procedures were based on Italian laws on experimental animals and approved by the Ethics-Scientific Committee for Experiments on Animals of the University of Bologna.
Animals, Experimental Design, and Diets
On the day of weaning (24 ± 2 d of age; d 0), 72 mixed-sex pigs (Large White × Landrace crosses; 6.66 ± 1.31 kg of BW), were blocked by litter and assigned at random to 1 of the 4 diets: control (CON, typical weaning diet), CON + 400 mg of tilmicosin/kg (T), CON + 600 mg of amoxicillin/kg (A), and CON + 300 mg of doxycycline/kg (D). The formula of the CON diet is shown in Table 1 . Antibiotic doses were selected on the basis of the veterinary standard practice to control pulmonary infection. The pigs were housed in weaning rooms with controlled temperature and ventilation. Continuous access to feed and water was allowed throughout the trial. The pigs were individually penned in cages, except for the first 2 d when they were kept in groups of 3 to improve their adaptation and feed intake. The pigs were slaughtered at 2 different times: after 3 wk (12 subjects/diet) and after 4 wk (6 subjects/ diet). During the last week of trial, all of the remaining pigs received the control diet to test the residual effect of the antimicrobial supplementation.
Experimental Observations and Measurements
The pigs were weighed individually at the start of the trial (d 0), and on d 7, 14, 21 (first slaughter), and 28 (second slaughter). The individual feed intake of each pig was recorded. Individual fecal samples were taken from all pigs on d 0, 7, 14, and 21 to count cultivable lactobacilli and enterobacteria. A blood sample (10 mL) was also collected by venipuncture after the morning meal at d 21 and 28 from all of the pigs to quantify the IgA and IgM. This method of blood collection is quite stressful for the young pig; however, there is no reasonable indication that this method affects immunoglobulin quantification. The health status of each subject was monitored by recording the fecal scores daily, using a 5-point scoring system (1 to 5): 1 = hard and 5 = watery feces.
Slaughter, Sample Collection, and Measurements
On each slaughter day, pigs had access to their meal for 1 h and then, had no access to the trough for the last 2 h before slaughter. The pigs were then anesthetized with sodium thiopental (10 mg/kg of BW, Zoletil 100, Virbac, Milano, Italy) and euthanized by an intracardiac injection (0.5 mL/kg of BW; Tanax, Intervet Italia, Peschiera Borromeo, Italy).
For each subject, the abdominal cavity was opened, the small intestine was removed, and full and empty weights were recorded. Subsequently, the small intestine was dissected at 25 and 75% of the total length for histological analysis. Additionally, a sample of the jejunum contents was collected in sterile vials and frozen at −80°C for the further 16S rRNA gene-targeted denaturing gradient gel electrophoresis (DGGE) fingerprinting analysis.
IgA and IgM Quantification
After the blood collection, the samples were maintained at 37°C for 2 h and then centrifuged at 3,000 × g for 10 min at room temperature. The serum was removed, incubated at 56°C for 30 min and stored at −20°C until analysis. The blood sera were analyzed using the ELISA test to determine the total IgA and IgM concentrations as described by Bosi et al. (2007) . 
Histological Analysis
The samples were pinned tautly to balsa wood and immersed in 100 mL/L of buffered formalin (pH 7.4). This procedure allows good distension of the intestinal wall and, consequently, of the villi. Formalin-fixed, paraffin wax-embedded 4-μm thick sections were deparaffinized in xylene and stained with hematoxylin-eosin. For each sample, the height of 10 villi and the depth of 10 crypts were measured; only villi and crypts perpendicular to the mucosal surface were considered suitable for morphometry. The sections were examined at low magnification with a conventional microscope interfaced to a digital camera and a PC computer equipped with Cytometric software (Byk Gulden Italia S.p.A., Milan, Italy). The dimensions of the digitized images were 513 × 463 pixels. Villus height was measured as the distance from the crypt opening to the top of the villus, whereas crypt depth was measured from the base of the crypt to the level of the crypt opening. To estimate the mucosal surface area (Kisielinski et al., 2002) , the mucosal-to-serosal amplification ratio M was calculated as reported by Trevisi et al. (2009) 
Microbiological Analytical Procedures
From each pig, 1 g of fecal samples was weighed and suspended in 9 mL of glycerol broth (Guèrin-Danan et al., 1999) . The samples were then stored at −120°C until analysis. Additional serial 10-fold dilutions of the samples were made in PBS (pH 7.2) for microbial counting; 1.0 mL of the appropriate dilutions was plated, in duplicate, onto different solid selective media employed for the quantification of different species. The enterobacteria concentration was determined using violet red bile glucose agar plates, after incubation in aerobiosis, at 37°C for 24 h. The concentration of lactic acid bacteria was determined using de Man, Rogosa, and Sharpe agar after incubation at 37°C for 72 h in the presence of 10% CO 2 .
DGGE
Samples of the jejunum contents were analyzed using 16S rRNA gene-targeted denaturing DGGE fingerprinting analysis (Collier et al., 2003) . Before DNA extraction, the samples were incubated for 2 h at 37°C in a lysozyme solution (300 mg of lysozyme in 40 mL of TES (2-{[tris(hydroxymethyl)methyl]amino}ethanesulfonic acid); DNA extraction was then performed (QIAamp DNA Stool Kit, Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions, with a few modifications. We extended the incubation time in the buffer (ASL buffer, QIAamp DNA Stool Kit, Qiagen GmbH) from 5 to 10 min and raised the incubation temperature from 70 to 95°C to optimize the lysis of gram-positive bacteria.
For the PCR-DGGE analysis, each DNA sample was standardized to 5 mg/L and then amplified. The amplification was performed with the universal primers F-968-GC and R-1401 to amplify the V6 to V8 regions of 16S rDNA for the total bacteria (Nübel et al., 1996) , the primers F-Lac1 and R-Lac2-GC for the lactic acid bacteria (Walter et al., 2001) , and the PCR condition and the primers suggested by Thompson and Holmes (2009) for enterobacteria.
The PCR was performed using the Amplibiotherm DNA Polymerase kit (Fisher Molecular Biology, Trevose, PA); the final volume of the PCR mixture was 25 μL and contained 5 U of Taq polymerase, 160 mM (NH 4 )SO 4 , 670 mM Tris-HCl (pH 8.8), 0.1% Tween-20, 2.0 mM MgCl 2 , 0.128 mM of each dNTP, and 0.32 pM of the primers. The DNA was amplified (T-personal thermocycler, Whatman-Biometra, Göttingen, Germany) using the following program: 94°C for 2 min and 40 cycles of 94°C for 30 s, 60°C for 17 s (total bacteria) or 57°C for 30 s (total lactobacilli), 72°C for 23 s, and 72°C for 7 min (last extension). Amplification products were checked by electrophoresis in 1.5% (wt/vol) agarose gel after staining (GelRed, Biotium Inc., Hayward, CA). The amplicons were separated on polyacrylamide gels with a denaturing gradient of 35 to 60% by DGGE (the denaturant gradient was obtained with a mixture of urea and formamide: 42.16% urea and 40% formamide in 100% denaturant). The electrophoresis was run at 85 V for 16 h in 0.5× TAE buffer and at a constant temperature of 60°C (DCode universal mutation detection system, Bio-Rad Laboratories Inc., Hercules, CA) as described by Janczyk et al. (2007a) .
After DGGE, the gels were stained (GelRed, Biotium Inc.), photographed (Kodak 1D Image Analysis 3.6, Kodak, Rochester, NY), and analyzed (Quantity One software 4.6.3 and Fingerprinting II version-3 software, Bio-Rad Laboratories Inc.).
A DGGE marker was constructed to normalize the gels, by mixing PCR products obtained from pure cultures that displayed distinct positions in DGGE gels. Three lanes were loaded with this marker in every gel for internal normalization and as an indication of the quality of the analysis. The PCR-DGGE analysis was repeated twice and a mean value of the results of each sample was calculated.
The diversity of the microbial community was described by the quantification of band number per each sample and by the Shannon diversity index that considers the proportional abundance of DGGE bands in each lane of each sample. The Sørensen similarity index (C s ) was used to compare average percentage similarities of PCR-DGGE banding patterns within each treatment group (intragroup comparison) and between the different treatment groups (intergroup comparison). The C s was calculated using the formula:
, where a is the number of PCR-DGGE bands in lane 1, b is the number of PCR-DGGE bands in lane 2, and j is the number of common PCR-DGGE bands (Collier et al., 2003) .
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC), considering the effect of diet and litter. In addition, for the data of morphological measurements on the small intestinal mucosa, the effects of the duration of the trial (21 vs. 28 d), point of measure (at 25 or 75% of the small intestinal length), and interactions with diet were added. In those instances, the MIXED procedure was used with the animal being considered as a random effect. Preplanned orthogonal contrasts between the dietary treatments were used to test 1) the overall effect of the additions (CON vs. T + A + D); 2) the effect of tilmicosin (T vs. A + D), and 3) the effect of the other combinations (A vs. D). The posthoc Dunnett contrast was also used to compare each antibiotic group with the control group for fecal counts. The Student Neumann-Keuls test was used as a means separation test for the intergroup Sørensen similarity index.
RESULTS
The health of pigs was optimal. The fecal score was always good (values of approximately 2, which is average consistency) and no difference was observed among the groups. One pig from the T group died after a trauma inside the cage, and its record was excluded from the data.
Growth Performance and Gut Measures
The antibiotic supplementation increased ADG during the first week by 34.7% (P < 0.01) and during the first 3 wk by 9.0% (P = 0.049) compared with the CON diet (Table 2) . No effect was observed during the second and third weeks (P = 0.767 and P = 0.133), or during the fourth week (i.e., when all pigs received the CON diet; P = 0.448). The ADFI was increased by the antibiotic supplementation during the first week and the entire period of treatment [19.0 (P < 0.01) and 8.3% (P = 0.047), respectively]. No other difference was observed during the other weeks (P = 0.596; P = 0.113; and P = 0.330 for wk 2, 3, and 4, respectively). The antibiotic supplementation tended to improve G:F during the first week (P = 0.076).
The type of antibiotic treatment did not affect growth and feed intake (range of P = 0.252 to P = 0.749). The T diet increased G:F during the third week of trial compared with the other antibiotics (P = 0.041), whereas the A diet tended to decrease this criterion compared with the D diet (P = 0.089).
The antibiotic supplementation did not affect the relative weight of the empty small intestine and the small intestine contents (Table 3 ) compared with the CON diet (range of P = 0.459 to P = 0.941). Pigs fed the T diet tended to have a lesser quantity of small intestine On that week, the antibiotic supplementation was stopped.
contents at d 21 than pigs fed the other 2 antibiotics (P = 0.070). No effect was observed on this variable at d 28 (P = 0.140).
Microbiology of Feces and DGGE Analyses on the Jejunum Contents
The fecal samples collected on d 0 did not show any differences on the enterobacteria and lactobacilli fecal counts (Table 4 ; P = 0.355 and P = 0.749, respectively). The A diet decreased the counts of lactic acid bacteria compared with the control on d 14 and 21 (P = 0.047 and P < 0.01, respectively) and the D diet on d 7, 14, and 21 (P = 0.016, P < 0.01, and P < 0.01, respectively). The T diet tended to improve the lactic acid bacteria count on d 7 and 21, as compared with the other antibiotics (P = 0.066 and 0.051, respectively). Total enterobacteria counts were changed by the antibiotic treatments on d 7, 14, and 21; the A diet increased the counts compared with the CON diet on d 14 and 21 (P = 0.013 and P < 0.01, respectively) and compared with the D diet on d 7, 14, and 21 (P < 0.001). The T diet strongly decreased the counts of these bacteria and increased the lactobacilli/enterobacteria ratio compared with the CON diet (P < 0.01) and with the other 2 antibiotics (P < 0.001). The A diet decreased the lactobacilli/enterobacteria ratio on d 7 compared with the D diet (P = 0.018), and the same trend was observed on d 14 (P = 0.085).
The Shannon diversity index and the band number detected by the 16S rRNA gene-targeted DGGE fingerprinting analysis on the jejunum samples (Table 5 and Figure 1 ) did not show any differences among the 4 experimental diets (range of P = 0.141 to P = 0.821). Only the antibiotic supplementation, when compared with the control diet, tended to decrease the Shannon index (P = 0.091). Intragroup and intergroup C s are presented in Figure 2 . Greater values indicate a greater degree of similarity. The C s among samples within antibiotic addition tended to be increased compared with the CON diet (P = 0.078). Intragroup coefficients were not affected by the type of antibiotic. The C s between each antibiotic group and the control group were, in general, less than the values obtained between different Differ from the control (P < 0.01) with the post hoc Dunnett test.
antibiotic groups. Particularly, the similarity value for the intergroup comparison of the A with CON diets had the smallest value (P < 0.05) and the D and T diets had the greatest similarity.
Immunoglobulin in Blood Serum
The IgA concentration tended to be less in the A diet than the D diet at d 21 (P = 0.10; Table 6 ). The IgM concentration was less in the antibiotic-supplemented groups as compared with the control group (P = 0.016) at d 21. The IgM at d 28 were also marginally less (P = 0.084). No difference was observed for total IgM among the antibiotic treatments (range of P = 0.187 to P = 0.716).
Morphological Measurements of the Small Intestinal Mucosa
The antibiotic supplementation did not change any morphological measure compared with the CON diet (Table 7 and Figure 3 ). The T diet tended to increase the crypt width by 14.3% (P = 0.071) compared with the other 2 antibiotic treatments. The mucosal surface area and the villus/crypt ratio tended to increase with the D diet compared with the A diet. Crypt depth decreased by 11.2% as the trial progressed (P = 0.033) and by 9.8% as moving from the proximal to the distal small intestine (P = 0.014).
DISCUSSION
There is consolidated research evidence on the positive effect of commonly used antibiotics to counteract intestinal infections and improve the health status and growth performance of pigs (Cromwell, 2002; Han and Thacker, 2009) . Antibiotics are also frequently added to the feed of weaning pigs to treat pulmonary diseases, but few studies (e.g., Janczyk et al., 2007b) have considered the possible effects of the different classes of pulmonary antibiotics on the growth performance and the intestinal microbiota of weaned pigs. In our trial, we tested tilmicosin, amoxicillin, and doxycycline, which belong to the classes of macrolides, β-lactams, and cyclines, respectively. The growth-promoting effect observed in the present research with these different antibiotics is consistent with results reported by Dritz et al. (2002) , who observed that, on average, different antibiotics, including tilmicosin added to the diet at a therapeutic dose, improved growth performance during the first 4 wk after weaning. In this study, the effect of the antibiotics on growth performance completely disappeared after 1 wk of antibiotic suspension.
Unexpectedly, the 3 antibiotics affected differently the counts of cultivable lactobacilli and enterobacteria in the feces. Tilmicosin maintained the greatest lactobacilli/enterobacteria ratio throughout the first 3 wk because of the great decrease of the enterobacteria population. Macrolides are known to be minimally effective against gram-negative bacteria in the intestine because of their outer membrane permeability barrier, which cannot be easily penetrated due to the molecular size of these antibiotics in relation to the bacterial porin channels (Norcia et al., 1999) . Nevertheless, some enterobacteria strains have an incomplete lipopolysaccharide structure, permitting increased penetration of the macrolides (Norcia et al., 1999) and these strains could have been decreased in the Tilmicosin group. However, this can hardly explain the dramatic decrease we observed. There is also evidence that this antibiotic can directly interact with the immune response after induction by lipopolysaccharides; however, in that instance, macrophages and monocytes responded by decreasing the gene expression of various inflammatory cytokines (Cao et al., 2006) . Tilmicosin can also induce neutrophil apoptosis (Chin et al., 2000) and can, thus, decrease the possibility of their undergoing secondary necrosis and its consequent damage to the mucosa. However, these immunomodulatory properties do not presuppose an antibacterial action from the host on the enterobacteria in the intestine. This point has not Only determined on pigs slaughtered at the end of the period of different supplementations. been noted as a consequence of tilmicosin supplementation. Therefore, other possible mechanisms should be researched. Doxycycline, like other tetracyclines, inhibits bacteria protein synthesis by acting on the 30S ribosomal unit in the mRNA translational complex (Aleksandrov and Simonson, 2008) . Doxycycline had a mild effect on the lactobacilli/enterobacteria ratio because of its lesser effect on fecal enterobacteria. These observations are consistent with increasing bacterial resistance of Escherichia coli against this evolved tetracycline in pig manure (Hölzel et al., 2010) .
Amoxicillin acts by inhibiting the synthesis of bacterial peptidoglycan that constitutes the cell wall of bacteria (Babic et al., 2006) . This leads to an accumulation of precursors within the cell that result in a signal of autolytic destruction of the existing wall. Gram-negative bacteria have a thinner peptidoclycan layer and are considered less susceptible to amoxicillin. Their resistance is based also on their secretion of β-lactamases (Babic et al., 2006) . The rise of enterobacteria with the amoxicillin supplementation is consistent with the stimulatory effect, which has been reported on some resistant E. coli strains in pigs (Cavaco et al., 2008) . Our data on the microbiota pattern determined by molecular analyses of the jejunum contents indicated that, in general, the antibiotic supplementation tend to decrease total bacterial variability, as shown by the Shannon index. This confirms the observations of Collier et al. (2003) on ileal contents of pigs supplemented with an antibiotic rotation. In our trial, the decreasing effect on variability was more evident for amoxicillin. This agrees with the decrease of bacterial diversity observed in pigs parenterally treated with long-acting amoxicillin (Janczyk et al., 2007b) . Conversely for tilmicosin, the variability was almost unaffected. For tylosin, which belongs to the same antibiotic class, a transient decrease in bacterial diversity in weaned pig jejunal samples was observed after 14 d of supplementation, but, then, for the remaining 2 wk, the values resembled the control values (Collier et al., 2003) . On the whole, these observations could indicate that macrolides have a decreased effect on the resilience of intestinal microbiota.
No effect of the antibiotics was observed on the Shannon index of variability calculated for the DNA data obtained with the primers specific for lactobacilli and for enterobacteria. This is apparently not consistent with the observations on the cultivable bacteria in the feces. However, it should be considered that fecal counts reflect almost all of the large intestine microbiota, which is more developed in pigs, as compared with the small intestine. Thus, the effects of antibiotics are more evident in the large intestine microbiota. Second, the fact that there were no differences in the number of species represented in the various dietary groups does not preclude the possibility that the antibiotic supplementations may have changed the number of bacteria in each species. The decrease in serum IgM concentrations after 3 wk of antibiotic supplementation could be the result of antibiotic-mediated clearance of overt pathogens present at a subclinical level in the gastrointestinal tract. This mechanism seems particularly evident with tilmicosin, which had a potent negative effect on enterobacteria. However, this approach does not apply to the case of amoxicillin, where treated pigs showed an increase in enterobacteria in the feces, which should have been responsible for an increase in IgM. After the inspection of the DGGE gels on the jejunal contents, we did not detect particular band characteristics for this treatment, but we cannot exclude that, among enterobacteria strains, some were selected with the ability of decreasing the humoral immune response. In chickens vaccinated for Newcastle disease, oral treatment with tilmicosin, florfenicol, or enroflaxin decreased total Newcastle antibody titers because of a decrease in IgM titers but without a substantial effect on IgG (Khalifeh et al., 2009 ). The total titers remained within the range of effective values; however, this indicates that humoral immunity can be selectively affected by these antibiotics with a mechanism not directly related to their antibacterial action. This could be related to a decrease of IL-4 production by Th2 cells, which stimulate humoral immunity as has been observed with other antibiotics (Williams et al., 2005) . Finally it cannot be excluded that the effect of antibiotic supplementation on microbiota present in respiratory tract and other mucosal sites could have contributed to the decreased serum IgM concentration.
As the review by Gaskins et al. (2002) indicated, we can speculate that the reduction of the intestinal microbiota observed for tilmicosin and marginally for doxycycline, positively affected the growth performance of the weaned pigs, probably because of the decrease in the nutrient competitiveness between the host and the microbiota. Nevertheless, there still remains the case of amoxicillin, which, instead of a predictable reduction, increased enterobacteria in the fecal samples. The decrease in IgM secretion with the treatments and the decreased energy losses involved in producing immunoglobulins may have partially supported the growth performance. Although full humoral immune response can require a few days, the improvement in growth rate At 75% of the small intestinal length.
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The mean values for this interaction were 1.98 and 2.03 after 21 d, and 1.86 and 2.28 after 28 d (SEM = 0.12) for the proximal and distal sites, respectively. was observed within the first week of the trial, perhaps, because of the increased feed intake. Among the factors that can decrease feed intake, the systemic acute phase reaction induced by inflammatory cytokines determines anorexia. Thus, the specific anti-inflammatory action observed with some antibiotics may have contributed to sustain feed intake in this critical period (Niewold, 2007; Buret, 2010) . Unfortunately, we did not plan measurements of inflammatory criteria to confirm this hypothesis.
Improved intestinal health is frequently associated with a favorable intestinal morphology and this can also be observed after oral antibiotic treatment (Niewold, 2007) . We sampled the small intestinal mucosa when all of the pigs were already fully recovered from the weaning check, and this can explain why we did not find any relevant difference, particularly in the mucosal histomorphometry. Thymann et al. (2007) did not find an effect on villous structure after antimicrobial treatment, which conversely decreased intestinal microbiota and improved protein digestive capacity.
In conclusion, the observed positive action of tilmicosin on piglet growth and feed intake can result from the decreased costs of immune activation determined by the action on intestinal microflora. For amoxicillin and doxycycline, the observations on intestinal and fecal microflora do not seem sufficient to explain their growth-promoting effect.
